A field-theoretic description of the critical behavior of weakly disordered systems with a p-component order parameter is given. For systems of an arbitrary dimension in the range from three to four, a renormalization group analysis of the effective replica Hamiltonian of the model with an interaction potential without replica symmetry is given in the two-loop approximation. For the case of the onestep replica symmetry breaking, fixed points of the renormalization group equations are found using the Pade-Borel summing technique. For every value p, the threshold dimensions of the system that separate the regions of different types of the critical behavior are found by analyzing those fixed points. Specific features of the critical behavior determined by the replica symmetry breaking are described. The results are compared with those obtained by the ε-expansion and the scope of the method applicability is determined.
Introduction
When the renormalization group approach is applied to describe the critical behavior of disordered systems with quenched disorder, the method of replicas [1, 2, 3] is used to restore the translation symmetry of the effective Hamiltonian describing the interaction of fluctuations. However, in the studies [4, 5, 6] , it was conjectured that the replica symmetry could be broken in systems with quenched disorder. In [4, 5, 6] , the physical concept of the occurrence of numerous local energy minima in disordered systems with random transition temperature was used to give a renormalization group description of the φ 4 model with the interaction potential characterized by the broken replica symmetry. For this purpose, the ǫ-expansion technique was used in the lower order of the theory. For systems in which the number of components of the order parameter p is less than four, it was discovered that the breaking of replica symmetry is the crucial factor in the critical behavior. It was 1 shown that, for p in the range from one through four, two modes of the system behavior are possible. The first one determines a nonuniversal critical behavior, which depends on seed values of the model parameters and, ultimately, on the concentration of impurities in the system. The second mode is characterized by the absence of a stable critical behavior, as also is the most interesting case of Ising (p = 1) systems. Even though the implications of these studies are very interesting, the results of a field-theoretic description of certain homogeneous and disordered systems in the two-loop and higher order approximations based on the asymptotic series summation techniques [7] showed that the stability analysis of various types of critical behavior that uses the first-order terms of the ǫ-expansion can be considered only as a coarse estimate, especially for multivertex statistical models [8] .
For this reason, the results of investigation of the replica symmetry breaking (RSB) effects obtained in [4, 5, 6] require revaluation from the viewpoint of a more accurate approach.
To this end, we proposed in [9, 10] , in the framework of the field-theoretic approach, a renormalization group description of the model of weakly disordered three-and twodimensional systems with the fourth-order interaction potential with respect to the order parameter fluctuations, which determines the replica symmetry breaking. An analysis of solutions to the renormalization group equations carried out in the two-loop approximation with the sequential application of the summation technique for Pade-Borel series showed that the critical behavior of three-and two-dimensional systems is stable with respect to the relative influence of the RSB effects, and the former scenario of the quenched disorder influence on the critical behavior is realized [11] .
However, the scope of the results obtained in [4, 5] remains unclear. In particular, it is interesting to establish the threshold dimensions of the disordered system, d c (p), that separate the domain of influence of RSB effects from the critical behavior domains in which these effects are insignificant. It is also interesting to apply the renormalization group approach to analyze the behavior of systems with replica symmetry breaking in which no stable critical behavior exists and the strong coupling mode occurs (see [4, 5] ). A theoretical analysis of this phenomenon is especially important from the viewpoint of the possible manifestation of RSB effects in strongly disordered systems and their observation in computer models of the critical behavior under the impurity concentration exceeding the impurity percolation threshold when extended impurity structures are formed in the system [12] .
This paper is devoted to the consideration of the above-mentioned problems. For weakly disordered systems of an arbitrary dimension in the range from three to four, an analysis of the critical behavior of the model with an RSB potential is carried out based on the renormalization group approach in the two-loop approximation with the use of summation techniques. Our analysis does not rely on the ε-expansion technique.
2 Definition of the model and the calculation procedure
The model Ginsburg-Landau Hamiltonian, which describes the behavior of a p-component spin system with weakly quenched disorder near the critical point has the form
where the random phase transition temperature has the Gaussian distribution δτ (x) with the variance << (δτ (x)) 2 >>∼ u, which is determined by a positive constant u and is proportional to the concentration of the structure defects. The application of the conventional replica method (see, for example, [6] ) makes it possible to average over the temperature fluctuations δτ (x) and reduce the problem of the statistical description of a weakly disordered system to the problem of the statistical description of a homogeneous system with the effective Hamiltonian
Here, the index a enumerates replicas (images) of the original homogeneous component in Hamiltonian (1) ; and the additional vertex u, which occurs in the interaction matrix However, it was shown in [4, 5, 6 ] that a macroscopically large number of spatial regions with φ(x) = 0 appears in the system due to fluctuations of the random transition temperature at [τ − δτ (x)] < 0. These regions are separated from the ground state by potential barriers. To describe the statistical properties of systems with multiple local energy minima, the replica symmetry breaking formalism (suggested by Parisi) was used in [4, 5, 6] by analogy with spin glasses [9] . According to the reasoning presented in [4, 5, 6] , the statistical calculation of the contribution of nonperturbation degrees of freedom associated with the order parameter fluctuations relative to the configurations of the field φ(x) at the local energy minima results (when the replica procedure is applied for the weak disorder) in the appearance of additional interactions of the form in a,b g ab φ the effective replica Hamiltonian. Here, the final matrix g ab is no longer replica symmetric with g ab = gδ ab − u, but rather has the RSB Parisi replica structure [13] . According to [4, 5, 6, 13] , the matrix g ab with the RSB structure is parameterized (in the limit n → 0 ) in terms of its diagonal elementsg and the off-diagonal function g(x), which is defined on the interval 0 < x < 1: g ab → (g, g(x)). Here, operations with the matrices g ab are defined by the rules
The replica symmetric situation corresponds to g(x) = const, which is independent of x.
The renormalization group description of the model specified by the replica Hamiltonian (2) was carried out in the framework of the field-theoretic approach in the two-loop approximation for systems of an arbitrary dimension in the range from three to four.
Possible types of critical behavior and their stability in the fluctuation domain are determined by the renormalization group equation for the coefficients of the matrix g ab . They
were determined by the conventional method based on the Feynman diagram technique for the vertex parts of the irreducible Grin functions and the renormalization procedure.
For example, in the two-loop approximation, the two-point vertex function Γ (2) , the fourpoint vertex functions Γ (4) ab , and the two-point function Γ 
where the notation
is used, and the redefinition g ab → g ab /J is carried out. The diagram representation of the corresponding contributions to Γ (2) , Γ
ab and Γ
However, the subsequent renormalization procedure for the vertex functions and the calculation of the β and γ functions, which determine the renormalization group transformations for the interaction constants, are difficult due to the complicated structure of relations (3) and (4) defining operations with matrices g ab . The step-like structure of the function g(x) established in [4, 5, 6] makes it possible to implement the renormalization procedure. In this paper, we restrict ourselves to the consideration of the one-step function g(x): where the coordinate of the step 0 ≤ x 0 ≤ 1 is an arbitrary parameter that does not evolve under scale transformations and remains the same as in the seed function g 0 (x).
As a result, the renormalization group transformations of the replica Hamiltonian with RSB are determined by the three parametersg, g 0 , g 1 .
The critical properties of the model can be revealed by analyzing the coefficients
Callan-Symanzik equation [14] . We obtained the following expressions for the β-and γ functions in the two-loop approximation in the form of series in the renormalized parametersg,g 0 and g 1 :
.
In order to compare the results of this paper with those obtained in [4, 5, 6] , we reversed, by analogy with [4, 5, 6] , the signs of the off-diagonal elements in the matrix: g a =b → −g a =b .
As a result, g 0 and g 1 became positive definite. The integrals f (d) and h(d) were calculated numerically for 3 ≤ d < 4.
It is well known that the series used in perturbation theory are asymptotic, and vertices of the interaction of the order parameter fluctuations in the fluctuation domain τ → 0
are sufficiently large to directly apply expressions (10) 
(11)
In order to find the analytic continuation of the Borel image of a function, we use the following series in the auxiliary variable θ
The Pade approximation [L/M] is applied to this series at the point θ = 1. This technique was successfully used in [8] to describe the critical behavior of certain systems characterized by several interaction vertices of the order parameter fluctuations. The symmetry conservation property of a system when applying a Pade approximant in the variable .
becomes essential in the description of multivertex models. In this paper, we used the [2/1] approximant for the calculation of β-functions in the two-loop approximation.
Calculation results
It is well known that the nature of the critical behavior is determined by the existence of a stable fixed point satisfying the system of equations
By numerically solving system (13) Tables 1-3 
on the stability of the corresponding fixed point. The stability criterion of a fixed point reduces to a condition that the eigenvalues λ i of the matrix
belong to the complex right half-plane.
An analysis of λ i for every type of the fixed point (see Tables 1-3) Table 1 (b), (c)), the second-type fixed point looses stability (λ 3 changes sign). Since all other fixed points remain unstable in the entire range of the dimension variation 3 ≤ d < 4, no critical behavior is realized in the system at 3.986 ≤ d due to the replica symmetry breaking.
The analysis of the behavior of renormalization group flows at 3.986 ≤ d provides the following results.
2) For the three-dimensional XY model (p = 2), small values of λ i (see Table 2 (a))
indicate that the second-type replica symmetric fixed point is weakly stable. However, already for the dimension d c = 3.1 (see Table 2 Note that although the calculations indicate the stability of the impurity replica symmetric second-type fixed point, there is reason to believe that, in the higher order approximations (as is the case for disordered systems considered without taking into account RSB effects [11] ), the first-type fixed point, which corresponds to the critical behavior of the homogeneous system, will become stable. On the one hand, this is indicated by the very weak stability (λ 3 = 0.000004) of the second-type fixed point and by the fact that the threshold value of the order parameter p c = 2.0114 found in the two-loop approximation, which separates the critical behavior domains determined by the first-(p > p c ) and second-type (p < p c ) fixed points, is very close to p = 2. This explains a very slow variation of the eigenvalues λ i of the stability matrix for the disordered XY model with the variation of the system dimension ( Table 2) . On the other hand, the negative value of the critical heat capacity coefficient α of the XY model also suggests, according to the Harris criterion, that the critical behavior of the model is stable with respect to the influence of the quenched disorder and, therefore, it can be expected that p c < 2 in the higher order approximations. For example, the value p c = 1.912(4) was found in [15] on the basis of the six-loop approximation with the use of the pseudo ε-expansion and the Pade Borel Leroy summation technique with a thoroughly chosen fitting parameter.
Because p c is very close to p = 2 for the XY model, one can expect that the calculations based on higher order approximations will substantially change the threshold dimension d c (p = 2), although for the Ising and Heisenberg models, the changes of d c (p) should 13 be small. This assumption is supported by the calculation of critical indexes for threedimensional homogeneous models with p = 1, 2, 3 and the disordered Ising model. We performed these calculations in the two-loop approximation with the use of the Pade Borel summation technique (Table 4 ). The comparison of these results with the corresponding indexes reported in [16, 17] , where the all-time accurate calculations for threedimensional models were performed in the six-loop approximation, shows that the difference in the values of critical indexes does not exceed 0.02.
The values of the threshold dimensions d c (p), which separate the domain of critical behavior with RSB effects d c (p) < d < 4 from the domain where these effects are inessential, can be considered as threshold dimensions that restrict the scope of the ε-expansion method as applied to the three-vertex model of the weakly disordered system and the corresponding results reported in [4, 5, 6 ]. Our analysis also shows that the results of application of the ε-expansion technique to multivertex statistical models are unreliable independently of the approximation order. This is explained by the competition between different types of fixed points in the parametric space of multivertex models, which usually does not allow one to pass to the limit as ε → 1 without crossing the marginal dimensions 3 ≤ d c < 4 separating the stability domains of different fixed points.
To reveal the character of the behavior of a disordered system with RSB effects in the domain without stable critical states, we analyzed the phase portrait of the model based on the system of equations
which specifies phase trajectories in the space of vertices (g, g 0 , g 1 ). An analysis shows (see Fig. 2 
Conclusions
The renormalization group analysis of weakly disordered systems of an arbitrary dimension in the range from three to four conducted in the two-loop approximation showed that the critical behavior of threedimensional systems is stable with respect to the effect of the replica symmetry breaking. In systems with a one-component order parameter, the critical behavior determined by the structural disorder with a replica symmetric fixed point is realized. The presence of weak disorder does not affect the critical behavior of multicomponent systems, although the proof of this fact for systems with p = 2 requires calculations with higher order approximations.
Effects of the replica symmetry breaking manifest themselves only in disordered systems with the dimension greater than three, and the threshold dimensions d c depend on the number of components of the order parameter p and the value of the parameter x 0 .
The predicted picture of the influence of replica symmetry breaking on the critical behavior of disordered systems with a dimension d > d c qualitatively agrees with the results reported in [4, 5, 6] . The latter results were obtained on the basis of the ε-expansion technique. For systems with p = 1, RSB effects destroy the stable critical behavior, and the strong coupling regime is realized; for systems with p = 2 and 3, a domain of nonuniversal critical behavior occurs at 0 ≤ x 0 ≤ x c (d). For x 0 outside this interval, the system exhibits no critical behavior, as is the case at p = 1. As the concentration of defects increases, one can expect a decrease of the threshold values d c down to d c < 3 beginning with a certain threshold concentration. In this case, the influence of replica symmetry breaking effects can be significant. Due to specific features of the manifestation of RSB effects, the concentration ns corresponding to the spin percolation threshold can play the role of the threshold concentration of defects for the Ising model, so that no stable critical behavior is observed at n > n s . For the XY and Heisenberg models, this role can be played by the concentration of defects corresponding to the impurity percolation threshold n imp = 1 − n s with a nonuniversal critical behavior for n imp < n < n s and the absence of a stable critical behavior at n > n s .
The values of threshold dimensions

